Bimetallic oxalates are layered molecule-based magnets with either ferromagnetic or antiferromagnetic interactions between transition metals M͑II͒ and MЈ͑III͒ on an open-honeycomb lattice. Some Fe͑II͒Fe͑III͒ bimetallic oxalates exhibit magnetic compensation ͑MC͒ at a compensation temperature T comp Ϸ 30 K below the ferrimagnetic transition temperature T c Ϸ 45 K. To see if MC is possible in other bimetallic oxalates, we construct a theoretical model for bimetallic oxalates that exhibit antiferromagnetic interactions. By varying the M͑II͒ and MЈ͑III͒ average orbital angular momentum, which can be controlled by the choice of interlayer cations, we find regions of MC in the families M͑II͒Mn͑III͒ with M = Fe, Co, or Ni and V͑II͒MЈ͑III͒ with MЈ = Cr or V but not in the family M͑II͒Ru͑III͒ with M = Fe or Cu. Fig. 1 . While the organic cation A between the bimetallic layers affects the overall properties of the material, it does not change the sign of the magnetic interactions between M͑II͒ and MЈ͑III͒, which can be either ferromagnetic or antiferromagnetic ͑AF͒ with moments pointing out of the layer.
One of the most intensively-studied molecule-based magnets, the bimetallic oxalates 1,2 are isostructural layered compounds with the chemical formula A͓M͑II͒MЈ͑III͒͑ox͒ 3 ͔, where M͑II͒ and MЈ͑III͒ are transition-metal ions with valences +2 and +3. Coupled by the oxalate molecules ox =C 2 O 4 , M͑II͒ and MЈ͑III͒ form the open-honeycomb lattice sketched in the inset of Fig. 1 . While the organic cation A between the bimetallic layers affects the overall properties of the material, it does not change the sign of the magnetic interactions between M͑II͒ and MЈ͑III͒, which can be either ferromagnetic or antiferromagnetic ͑AF͒ with moments pointing out of the layer.
When the magnetic interactions are AF, the moments on the M͑II͒ and MЈ͑III͒ sublattices may cancel at a compensation temperature T comp below the ferrimagnetic transition temperature T c . Magnetic compensation ͑MC͒ has been extensively documented in the Fe͑II͒Fe͑III͒ compounds, [3] [4] [5] [6] [7] where it occurs only for certain cations A. Fe͑II͒Fe͑III͒ compounds that exhibit MC are reported to have higher values of the transition temperature T c Ϸ 45 K and of the Curie-Weiss constant C, with T comp Ϸ 30 K. 4 In earlier papers, 8 two of us developed a model that explains the appearance of MC in some Fe͑II͒Fe͑III͒ compounds but not in others. In the present paper, we investigate three families of bimetallic oxalates where the AF interactions permit MC, but MC has not yet been observed. We conclude that MC is possible in the M͑II͒Mn͑III͒ ͑M = Fe, Co, or Ni͒ 9 and V͑II͒MЈ͑III͒ ͑MЈ =Cr or V͒ 10 families but not in the M͑II͒Ru͑III͒ ͑M=Fe or Cu͒ 11 family. Strong experimental evidence indicates that the coupling between layers is not primarily responsible for the magnetic ordering of the bimetallic oxalates. In Fe͑II͒Fe͑III͒ bimetallic oxalates with A = N͑n-C n H 2n+1 ͒ 4 , the separation l between bimetallic layers grows from 8.2 to 10.2 Å, as n increases from 3 to 5. 4 If the magnetic order depended on the coupling between the layers, then T c would decrease as n increases from 3 to 5 rather than increasing from 35 to 48 K. Perhaps even more compelling is the observation 12,13 that the magnetic s =1/ 2 cation FeCp 2 ‫ء‬ ͑Cp ‫ء‬ = pentamethylcyclopentadienyl͒ hardly changes the transition temperature and coercive field of a wide range of bimetallic oxalates. Therefore, some mechanism besides interlayer coupling is needed to explain the magnetic ordering of well-separated bimetallic layers. Recent studies of Fe͑II͒Fe͑III͒ compounds 8 demonstrated that the spin-orbit coupling on the Fe͑II͒ ͑3d 6 ͒ sites can produce long-range magnetic order even for isolated two-dimensional layers. On the other hand, the spinorbit coupling sums to zero on the Fe͑III͒ ͑3d 5 ͒ sites. We now extend that model to treat a more general class of bimetallic oxalates, where the spin-orbit coupling affects both the M͑II͒ and MЈ͑III͒ moments. As discussed further below, susceptibility measurements 5, 9, 10 reveal that the orbital angular momentum of many bimetallic oxalates is incompletely quenched. MC occurs if the M͑II͒ or MЈ͑III͒ ions initially order more rapidly with decreasing temperature, due to their stronger spin-orbit coupling, than the MЈ͑III͒ or M͑II͒ ions with the larger saturation moments. So within our model, spin-orbit coupling is responsible for both the twodimensional order of well-separated layers and the MC within a single bimetallic layer. The cation A can change the magnitude of the spin-orbit coupling, which depends sensitively on the crystal-field potential, but not the sign of the magnetic interaction between M͑II͒ and MЈ͑III͒, which depends on the overlap between the metal and oxalate wave functions within a single plane. As discussed further below, the spin-orbit interaction is also responsible for the perpendicular magnetic anisotropy of the bimetallic oxalates.
The Hamiltonian for the bimetallic oxalates is assumed to contain three tiers of energies. Because the spin correlations within each 3d ion are strong, we assume that Hund's first rule is obeyed. So as confirmed by measurements 9 of the magnetic susceptibility and Curie constant C, the lowestenergy multiplet is in a high-spin state. The crystal-field potential produced by the six oxygen atoms surrounding each 3d ion is the next largest energy, inducing a splitting of the L = 2 multiplet. However, due to the larger spatial extent of their wave functions, 4d transition metals such as Ru manifest stronger crystal-field effects that favor a low-spin state. 11 The weakest energies are the AF exchange J c S 2 · S 3 between the ions and the spin-orbit coupling i L i · S i ͑i =2 or 3͒ on each metal ion. Also included within this lowest energy scale are contributions to the crystal-field potential that violate C 3 symmetry around the M͑II͒ or MЈ͑III͒ sites.
Surrounding each M͑II͒ and MЈ͑III͒ ions are six oxygen atoms that form a heavily-compressed octahedron with C 3 symmetry. Based on symmetry grounds, the crystal-field potential can be expressed as the matrix
where the fivefold degenerate d orbitals are used as the basis and a diagonal matrix has been subtracted. The parameters ␥, ␥Ј, and ␣ depend on the crystalline field at the M͑II͒ and MЈ͑III͒ sites, which in turn depends on the positions and ionic states of the surrounding oxygens.
Upon diagonalizing H cf , we obtain two sets of degenerate doublets ͉ 1,2 ͘ and ͉ 4,5 ͘ and a singlet ͉ 3 ͘. 8 The doublets can be higher or lower in energy than the singlet depending on the crystal-field parameters ␥ / ͉␣͉ and ␥Ј/ ͉␣͉. As shown in Fig. 1 , the singlet has the highest energy below the bottom left curve ␥␥Ј=−͉␣͉ 2 and the lowest energy above the top right curve ␥␥Ј= ͉␣͉ 2 . It lies between the two doublets in the central region. In addition, Fig. 1 displays lines of constant orbital angular momentum for both doublets: 
The occupation of the crystal-field levels is assumed to follow Hund's first rule and the Aufbau principle with the L = 2 levels filling independently. 14 The orbital configurations, spins, and spin-orbit coupling constants 15 for the transition metals studied in this paper are summarized in Table I . Using mean-field ͑MF͒ theory to treat the exchange interaction J c S 2 · S 3 , the Hamiltonians on the M͑II͒ and MЈ͑III͒ sites can be written
The spin-orbit and exchange interactions are assumed to be much smaller than the crystal-field splittings. Therefore, each Hamiltonian can be restricted to a configuration where one doublet, carrying an average orbital angular momentum L 2 or L 3 , is occupied by an odd number of electrons. We can treat the case where each doublet is occupied by an even number of electrons by setting L 2 or L 3 to zero. Of course, ͗L i ͘ is the only nonzero along the z direction perpendicular to the bimetallic planes.
To demonstrate this approach, consider again the black circle in Fig. 1 . For a Mn͑III͒ ͑3d 4 ͒ ion with these crystalfield parameters, the upper doublet ͉ 4,5 ͘ would contain a single electron so that L 3 = 0.5. However, for a Ni͑II͒ ͑3d 8 ͒ ion with the same crystal-field parameters, the lower doublet ͉ 1,2 ͘ would be completely filled by four electrons and the upper doublet ͉ 4,5 ͘ would be half filled by two electrons ͑both in the same spin state͒ so that L 2 = 0. Since the ratios ␥ / ͉␣͉ and ␥Ј/ ͉␣͉ will be different on the M͑II͒ and MЈ͑III͒ sites, L 2 and L 3 are independent of each other.
Because ͗ 1,2 ͉L Ϯ ͉ 1,2 ͘ = ͗ 4,5 ͉L Ϯ ͉ 4,5 ͘ = 0, the matrix elements of L 2 · S 2 and L 3 · S 3 on the M͑II͒ and MЈ͑III͒ sites are diagonal with 
The magnetic moments M 2 ͑T͒ = ͗2S 2z + L 2z ͘ and M 3 ͑T͒ = ͗2S 3z + L 3z ͘ on the M͑II͒ and MЈ͑III͒ sites are evaluated self-consistently. The average magnetization is then given by M avg ͑T͒ = ͑M 2 ͑T͒ + M 3 ͑T͒͒ / 2, where we adopt the convention 
We evaluate the critical temperature T c by linearizing ͗S 2z ͘ and ͗S 3z ͘, which results in the expression
͑7͒
This relationship must be solved self-consistently for T c / J c , which appears on both sides of Eq. ͑7͒. In the limit S 2 =2, S 3 =5/ 2, and L 3 = 0, Eq. ͑7͒ reduces to an earlier result 8 for the Fe͑II͒Fe͑III͒ bimetallic oxalates. As T → T c from below, M 2 , M 3 , and M avg all vanish within MF theory as ͑T c − T͒ 1/2 . As T → 0, ͗S 2z ͘ → −S 2 , ͗S 3z ͘ → S 3 , whereas M 0 ϵ lim T→0 M avg ͑T͒ depends on the signs of 2 and 3 . There are four possibilities:
·
To find the regions of MC, we use the conditions that either M avg ͑T͒ changes sign near T c or M avg ͑T͒ vanishes at T =0.
MC regions are indicated in Fig. 2 for the family M͑II͒Mn͑III͒ with M = Ni, Co, or Fe, 9 denoted by the labels 1, 2 and 3, respectively. Our results for the V͑II͒MЈ͑III͒ series 10 are displayed in Fig. 3 . Regions 4 and 5 have different shapes because Cr͑III͒ has the same spin S 3 =3/ 2 as V͑II͒ with S 2 =3/ 2, while V͑III͒ has the smaller spin S 3 = 1. All of these ions have positive values for ͑see Table I͒ , so S i and L i tend to be antiparallel. For V͑II͒Cr͑III͒ compounds, the majority of the MC region ͑4a͒ occurs when M 0 Ͻ 0 and L 3 Ͼ L 2 because 3 Ͼ 2 . As a result, the Cr͑III͒ moment is usually larger than the V͑II͒ moment close to T c . In region 4b with M 0 Ͼ 0, a bubble of MC exists for small values of L 3 , where the V͑II͒ moment dominates the Cr͑III͒ moment near T c due to its stronger spin-orbit energy 2 We also investigated the series M͑II͒Ru͑III͒ ͑M=Fe or Cu͒.
11 MC is absent due to the large spin-orbit coupling 3 of Ru͑III͒ ͑see Table I͒ and the resulting low-spin state S 3 =1/ 2 induced by the crystal-field potential. For Fe͑II͒Ru͑III͒ compounds with S 2 = 2, the Fe͑II͒ moment is always much larger than the Ru͑III͒ moment despite the large spin-orbit coupling of Ru͑III͒. For Cu͑II͒Ru͑III͒ compounds, the spins on the two sublattices are identical with S 2 = S 3 =1/ 2. Because 2 Experiments reveal that the deviation in the paramagnetic susceptibility from its spin-only value 5,9,10 is relatively small. For example, the Curie constant C for a Fe͑II͒Mn͑III͒ compound is about 30% higher than its spin-only value. 9 This implies that there is a small but nonzero orbital contribution to the magnetic moment. 16 only the single cation A = N͑n-C 4 H 9 ͒ 4 has been employed in the synthesis of Fe͑II͒Mn͑III͒, Co͑II͒Mn͑III͒, and V͑II͒Cr͑III͒ compounds. 9 
